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Fyn Tyrosine Kinase Is a Critical Regulator
of Disabled-1 during Brain Development
called Reelin pathway is initiated by Reelin, a large extra-
cellular protein secreted in the outer part of the cortex
[3], and requires at least two members of the low-density
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1100 Fairview Avenue North lipoprotein receptor family, the very low-density lipopro-
tein receptor (VLDLR) and the apolipoprotein E receptorSeattle, Washington 98109
2 Institute of Anatomy 2 (ApoER2), which are expressed on migrating neurons
[4]. The absence of both ApoER2 and VLDLR leads toUniversity of Freiburg
Freiburg, D-79001 a phenotype that is indistinguishable from that observed
in Reelin-deficient (reeler) mice [4]. Both receptors areGermany
able to bind to Reelin [5, 6], as do cadherin-related
neuronal receptors (CNRs) [7] and 31 integrins [8].
Reelin induces an increase of the tyrosine phosphoryla-Summary
tion level of the intracellular protein Disabled-1 (Dab1),
another essential component of the Reelin pathway [9].Background: Disabled-1 (Dab1) is an intracellular adap-
Like mice deficient for ApoER2 and VLDLR, Dab1-defi-tor protein that regulates migrations of various classes
cient mice present brain developmental defects indistin-of neurons during mammalian brain development. Dab1
guishable from those seen in reeler mice [10–12]. Strik-function depends on its tyrosine phosphorylation, which
ingly, the knockin of a Dab1 point mutant that cannotis stimulated by Reelin, an extracellular signaling mole-
be tyrosine phosphorylated mimics the absence of Dab1cule. Reelin increases the stoichiometry of Dab1 phos-
[13]. This latter result suggests that tyrosine phosphory-phorylation and downregulates Dab1 protein levels.
lation of Dab1 is a sine qua non of the Reelin pathwayReelin binds to various cell surface receptors, including
inside migrating neurons.two members of the low-density lipoprotein receptor
The molecular mechanism by which the extracellularfamily that also bind to Dab1. Mutations in Dab1, its
Reelin signal induces tyrosine phosphorylation of Dab1phosphorylation sites, Reelin, or the Reelin receptors
is unclear. Dab1 interacts in vitro with the cytoplasmiccause a common phenotype. However, the molecular
tails of VLDLR and ApoER2 [4], and blocking these re-mechanism whereby Reelin regulates Dab1 tyrosine
ceptors inhibits Reelin-induced Dab1 tyrosine phos-phosphorylation is poorly understood.
phorylation in vitro [5, 6]. However, VLDLR and ApoER2Results: We found that Reelin-induced Dab1 tyrosine
do not contain a kinase domain and are not known tophosphorylation in neuron cultures is inhibited by acute
associate with tyrosine kinases. Several mechanismstreatment with pharmacological inhibitors of Src family,
for regulated tyrosine phosphorylation of adaptor mole-but not Abl family, kinases. In addition, Reelin stimulates
cules have been described and may be relevant to Dab1Src family kinases by a mechanism involving Dab1. We
phosphorylation. For example, receptors may be stablyanalyzed the Dab1 protein level and tyrosine phosphory-
associated with tyrosine kinases (e.g., CD4 and Lck,lation stoichiometry by using brain samples and cultured
[14]), or receptor activation may induce direct (e.g., 3neurons that were obtained from mouse embryos car-
integrin and Syk, [15]) or indirect (e.g., 2 adrenergicrying mutations in Src family tyrosine kinases. We found
receptor and Src, [16]) recruitment of tyrosine kinases.that fyn is required for proper Dab1 levels and phosphor-
However, there is no evidence of whether VLDLR andylation in vivo and in vitro. When fyn copy number is
ApoER2 fit into any of these categories. As a first stepreduced, src, but not yes, becomes important, reflecting
to understanding how Reelin regulates Dab1 tyrosinea partial redundancy between fyn and src.
phosphorylation, we have investigated which tyrosineConclusions: Reelin activates Fyn to phosphorylate
kinases are responsible.and downregulate Dab1 during brain development. The
Several results have suggested that the nonreceptorresults were unexpected because Fyn deficiency does
tyrosine kinase Src might catalyze Dab1 tyrosine phos-not cause the same developmental phenotype as Dab1
phorylation. Dab1 was originally isolated as a proteinor Reelin deficiency. This suggests additional complex-
interacting with Src and becomes strongly tyrosineity in the Reelin signaling pathway.
phosphorylated when coexpressed in mammalian cells
with constitutively activated Src [17]. Two of four poten-
Introduction tial tyrosine phosphorylation sites in Dab1 (Tyr185 and
Tyr198) fit a consensus for phosphorylation by Src-
Embryonic development of the mammalian cerebral cor- related kinases [18], and at least one of these sites
tex requires the coordinated migration of postmitotic (Tyr198) is phosphorylated in Reelin-stimulated neurons
neurons from the internal ventricular zone to the outer [19]. This suggests that Src, or one of its close relatives
layers of the developing cortical plate. Analysis of sev- expressed in brain, such as Fyn or Yes, may be involved
eral mutant mice, spontaneous and engineered, has in Dab1 tyrosine phosphorylation. On the other hand,
unveiled the existence of a signaling pathway that regu- the two other potential tyrosine phosphorylation sites
lates these migrations (for reviews, see [1, 2]). The so- in Dab1 (Tyr220 and Tyr232) fit a consensus for phos-
phorylation by another tyrosine kinase, Abl [18], and
tyrosine 220 is a major site of Reelin-induced Dab1*Correspondence: jcooper@fhcrc.org
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phosphorylation in cultured neurons [19]. Tyrosine- ment with either of the related Src family inhibitors PP1
and PP2, but not by PP3, a structural analog of PP2phosphorylated Dab1 is able to associate with the SH2
domain of Abl in vitro [17]. Moreover, the Drosophila that is inactive on Src family kinases (Figure S1, lanes
7–10 and 13–16) [29]. PP1 and PP2 also inhibited Dab1homolog of Dab1 interacts genetically with, and is coex-
pressed with, Drosophila Abl [20]. Therefore, Abl, or its tyrosine phosphorylation due to Fyn and Yes (data not
shown), and by Abl (Figure S1, lanes 20 and 21), consis-close relative Arg, is also a candidate to phosphorylate
Dab1. However, Dab1 tyrosine phosphorylation was still tent with a previous report of Abl inhibition by PP1 [30].
Thus, PP1 and PP2 inhibit phosphorylation of Dab1 bydetected in brain samples of src/, fyn/, or abl/
embryos (data not shown in [17]), and no reeler pheno- members of the Src family and Abl, while STI571 inhibits
Abl family, but not Src family, kinases.type has been noted in src/, fyn/, yes/,
abl/, or arg/ mice [21–26]. We tested whether the tyrosine kinases that phos-
phorylate Dab1 in cultured neurons were affected byIn this study, we have tested whether Src and Abl
family kinases are required for Dab1 tyrosine phosphor- PP1, PP2, and STI571. Embryonic neurons were treated
with inhibitors for 1 hr before treating them with Reelin-ylation by using pharmacological and genetic ap-
proaches. We show that Src family inhibitors abolish containing supernatant for 15 min. In the absence of
inhibitors, Reelin stimulated Dab1 tyrosine phosphoryla-Reelin-induced Dab1 tyrosine phosphorylation in pri-
mary neuron cultures, while an Abl family inhibitor has tion (Figure 1A, lanes 1–3). However, pretreatment of
neurons with 10 M PP1 or PP2, but not PP3, stronglyno effect. In addition, Reelin activates Src family kinases
in cultured neurons. Furthermore, by analyzing embryos inhibited Reelin-induced tyrosine phosphorylation of
Dab1 (lanes 4–6). PP2 inhibited Reelin-induced tyrosinecompound mutant for src, fyn, and/or yes, we have found
that the stoichiometry of Dab1 tyrosine phosphorylation phosphorylation of Dab1 in a dose-dependent manner
(Figure 1B, lanes 3–7), and as little as 1 M PP2 reducedis reduced in cultured neurons and in vivo when fyn is
disrupted. The biochemical consequences of reducing Reelin-induced Dab1 tyrosine phosphorylation to the
level of Dab1 tyrosine phosphorylation in mock-treatedthe dosage of fyn, and to a lesser extent src, are strik-
ingly similar to reducing the dosage of reln. This finding neurons (compare lanes 5 and 13). Importantly, when
we pretreated the neurons with 10 M STI571, Reelin-suggests a direct involvement of Fyn in the Reelin signal-
ing pathway. induced Dab1 tyrosine phosphorylation was unabated
(Figure 1A, lane 7). We concluded that Abl, or its close
relative Arg, is unlikely to be involved in Reelin-induced
Results tyrosine phosphorylation of Dab1. In contrast, PP1/PP2-
sensitive kinases, including but not limited to Src family
Inhibition of Src Family Kinases, but Not Abl, kinases, are required for Dab1 tyrosine phosphorylation.
Blocks Dab1 Tyrosine Phosphorylation
in Cultured Neurons
Dab1 tyrosine phosphorylation can be stimulated by Reelin Activates Src Family Kinases
in Cultured Neuronsadding a supernatant containing Reelin to embryonic
cerebral neuron cultures [9]. As a step toward determin- To determine whether Reelin affects the activity of Src
family kinases, we assessed the phosphorylation stateing whether Src and/or Abl family kinases may be in-
volved, we made use of pharmacological inhibitors. We of a critical residue in the kinase activation loop. Auto-
phosphorylation of this residue (Tyr418 in Src) is afirst tested these inhibitors in an artificial system in which
Dab1 was phosphorylated by known tyrosine kinases. marker of Src activation and is needed for full activity
[31–33]. Antibodies to phospho-Src Tyr418 equally rec-Dab1 was coexpressed with various tyrosine kinases in
human embryonic kidney 293T cells by transient trans- ognize Src, Fyn, and Yes due to sequence conservation
of the activation loop. Western blotting with these anti-fection. Such an assay previously demonstrated that
Dab1 is efficiently tyrosine phosphorylated when coex- bodies showed that Reelin activates Src family kinases
(Figure 1A, lanes 1 and 2). Activation was inhibited whenpressed with constitutively activated Src [17], but, in
this case, we used wild-type, not activated, forms of the neurons were pretreated with the Src family inhibitors
PP1 and PP2, but not PP3 or STI571 (Figure 1A, laneskinases. Analysis of total cell lysates by Western blot
with an anti-phosphotyrosine antibody revealed that 4–7), and this finding is consistent with autophosphory-
lation. To determine which Src family kinases were acti-Dab1 was not tyrosine phosphorylated when expressed
alone (Figure S1, lane 1; see the Supplementary Material vated, we used electrophoresis conditions that separate
Fyn from Src and Yes and identified the gel bands byavailable with this article online) but was when coex-
pressed with Abl (Figure S1, lane 19), Src (lane 7), or the using various antibodies and samples from mice lacking
Src, Fyn, or Yes (see below). Western blotting with anti-predominant splice form of Src expressed in developing
brain, nSrc (lane 13) [27]. We do not believe that this phospho-Src Tyr418 showed that Reelin induced in-
creased phosphorylation of Fyn, as well as Src and/orassay reflects the in vivo specificity of coexpressed tyro-
sine kinases, but we used it to assess the specificity of Yes (Figure 1C, lanes 1, 2, 5, and 6). Thus, Src family
kinases are activated by Reelin.various inhibitors. Dab1 tyrosine phosphorylation in-
duced by coexpressed Abl was inhibited by a 1-hr treat- Activation of Src family kinases often involves a close
relationship between the kinase and its substrate, thement with the selective Abl inhibitor STI571 [28], while
phosphorylation by Src or nSrc was not (Figure S1, lanes latter inducing an allosteric activation of the kinase [32].
We tested whether kinase activation depended on Dab111, 17, and 23). In contrast, Src- and nSrc-induced Dab1
tyrosine phosphorylation was largely reduced by treat- by using neurons from individual dab1/ embryos.
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Figure 1. Src Family Kinase Inhibitors Suppress Reelin-Induced Tyrosine Phosphorylation of Dab1 in Cultured Neurons, and Reelin Activates
Src Family Kinases Dependent on Dab1
(A) Mouse embryonic cerebral neuron cultures were treated for 1 hr with 10 M PP1 (lane 4), PP2 (lane 5), PP3 (lane 6), STI571 (lane 7), or
vehicle (DMSO, lane 3) or were left untreated (lanes 1 and 2) prior to stimulation with Mock- (lane 1) or Reelin- (lanes 2–7) containing supernatant
for 15 min. Total neuron lysates were subjected to SDS-PAGE and Western blot analysis with anti-phosphotyrosine (pTyr) antibody, anti-Dab1
serum, anti-phospho-Src Tyr418 antibody, or SRC2 antibody as indicated. These two latter antibodies recognize the three Src family kinases
Src, Fyn, and Yes (not resolved on this gel). The arrows to the right indicate tyrosine-phosphorylated proteins comigrating with Dab1 and Src
family kinases (SFK) at 85 and 60 kDa, respectively. Molecular mass markers (in kDa) are indicated to the left.
(B) Neuron cultures were treated for 1 hr with 10 M (lanes 7 and 12), 3.33 M (lanes 6 and 11), 1.11 M (lanes 5 and 10), 0.37 M (lanes 4
and 9), 0.12 M (lanes 3 and 9) of either PP2 (lanes 3–8) or PP3 (lanes 9–12), were treated with vehicle (DMSO, lanes 13 and 14), or were left
untreated (lanes 1 and 2) prior to stimulation with Mock- (lanes 1 and 13) or Reelin- (lanes 2–12 and 14) containing supernatant for 15 min.
Total neuron lysates were subjected to SDS-PAGE and Western blot analysis with anti-phosphotyrosine (pTyr) antibody (top panel) or anti-
Dab1 serum (bottom panel).
(C) Neuron cultures were prepared from littermate embryos derived from parents heterozygous for dab1. Cultures were treated for 15 min
with Mock- or Reelin-containing supernatant as indicated for 15 min, and lysates were subjected to SDS-PAGE and Western blot analysis
with anti-phosphotyrosine (pTyr) antibody, anti-Dab1 B3 antibody, anti-phospho-Src Tyr418 antibody, or SRC2 antibody as indicated. On this
gel, p59Fyn (lower band) has been resolved from p60Src and p62Yes. Embryo genotypes are indicated above each pair of neuron cultures.
Src family kinase activation was reduced in dab1/ shown in Figure 2A, neurons isolated from embryos that
were src/ yes/ (lanes 1 and 2), src/ yes/(Figure 1C, lanes 4 and 8, 4% increase) compared with
littermate wild-type (lanes 2 and 6, 36% increase) neu- (lanes 9 and 10), or src/ yes/ (lanes 7 and 8)
contained equal amounts of Dab1 and equal basal orrons. This suggests that kinase activation is Dab1 de-
pendent and that there is an intimate relationship be- Reelin-stimulated phosphorylation, compared to the
other littermate embryonic neurons. In striking contrast,tween Dab1 and Src family kinases. Dab1 appears to
be part of the mechanism whereby Reelin activates the the protein level of Dab1 was strongly increased in neu-
rons isolated from fyn/ yes/ and fyn/ yes/kinases as well as the main substrate for phosphory-
lation. embryos (Figure 2B, lanes 9 and 10, and Figure S2, lanes
7 and 8). Such an increase was not observed in neurons
only deficient for Yes (Figure 2B, lanes 3, 4, 7, 8, 11,Fyn Influences the Stoichiometry of Dab1 Tyrosine
Phosphorylation in Cultured Neurons and 12), which suggests that Fyn is involved in the regu-
lation of the Dab1 protein level. Despite this increase inWe tested genetically whether Src, Fyn, or Yes may be
responsible for Reelin-induced tyrosine phosphoryla- the Dab1 protein level, the total quantity of tyrosine-
phosphorylated Dab1 in fyn/ yes/ or fyn/tion of Dab1. For this purpose, we analyzed Reelin-
induced tyrosine phosphorylation of Dab1 in neuronal yes/ neurons before or after Reelin stimulation was
not significantly altered (Figure 2B, lanes 9 and 10, andcultures prepared from single E16.5 embryos deficient
for src, fyn, and/or yes. Because these genes are redun- Figure S2, lanes 7 and 8). Thus, the stoichiometry of
Dab1 tyrosine phosphorylation is reduced when Fyn isdant for many developmental processes [23], we sus-
pected that loss of a single kinase might not have a absent, both before and after stimulation with Reelin.
Dab1 tyrosine phosphorylation stoichiometry is also de-significant effect on Dab1 tyrosine phosphorylation.
Therefore, embryos were derived by intercrossing mice creased, and Dab1 levels increased, in embryonic brains
and cultured neurons that are deficient for Reelin [9,doubly heterozygous for src and yes or fyn and yes. As
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embryos, regardless of src or yes genotype. These re-
sults indicate that Fyn is involved in the regulation of
the Dab1 protein level in vivo and that Src becomes
important when Fyn is absent.
We also analyzed Dab1 protein levels in reln mutant
and dab1 mutant brains in order to compare them with
those in src, fyn, and/or yes mutant brains. As expected,
while reduction of the dab1 copy number reduced the
Dab1 protein level (Figure 4E) [10], reduction of reln
increased it (Figure 4D) [34]. The4-fold increase in the
Dab1 protein level caused by Reelin deficiency is similar
to that in src/ fyn/ yes/ embryonic cortices,
and this finding is consistent with Fyn mediating the
Reelin-dependent regulation of the Dab1 protein level.
To determine whether Fyn influences the stoichiome-
try of Dab1 tyrosine phosphorylation in vivo, we immu-
noprecipitated the same quantity of Dab1 from various
embryonic cortex extracts and performed a Western
blot analysis of the Dab1 immunoprecipitates with an
anti-phosphotyrosine antibody. As expected, the stoi-Figure 2. Analysis of Reelin-Induced Dab1 Tyrosine Phosphoryla-
tion in Cultured Neurons Deficient for src, fyn, and/or yes chiometry of Dab1 tyrosine phosphorylation was high
in wild-type embryos (Figure 4A, lanes 1, 4, and 5), low(A and B) Duplicate cerebral neuron cultures were prepared from
single littermate embryos derived from parents doubly heterozygous in reln/ embryos (lane 3), and intermediate in reln/
for either (A) src and yes or (B) fyn and yes. Neuron cultures were embryos (lane 2). In embryos isolated from crosses be-
treated for 15 min with Mock- or Reelin-containing supernatant as tween parents triple heterozygous for src, fyn, and yes,
indicated, and total neuron lysates were subjected to SDS-PAGE
the stoichiometry of Dab1 tyrosine phosphorylation wasand Western blot analysis with anti-phosphotyrosine (pTyr) antibody
directly correlated with fyn copy number (r2  0.85). The(top panels) or anti-Dab1 serum (bottom panels). Embryo genotypes
are indicated above each pair of neuron cultures. level was the lowest in embryos lacking fyn (Figure 4A,
lanes 6, 10, 11, and 13), approximating the level in em-
bryos deficient for Reelin (lane 3). The presence of one
34]; this finding suggests that the changes in the Dab1 copy of fyn allowed partial phosphorylation (Figure 4A,
protein level and tyrosine phosphorylation in Fyn-defi- lanes 8, 9, and 14) similar to the level in reln/ embryos
cient neurons reflect an impaired Reelin signaling. (lane 2). The stoichiometry of Dab1 tyrosine phosphory-
lation was systematically high in the presence of two
Fyn Regulates Dab1 Levels and Tyrosine copies of fyn (Figure 4A, lanes 7 and 12).
Phosphorylation In Vivo It was possible that Fyn influences Dab1 tyrosine
The relative contributions of Src, Fyn, and Yes to Dab1 phosphorylation and the level of phosphorylation by reg-
tyrosine phosphorylation during embryonic brain devel- ulating levels of Reelin or its receptors. Therefore, we
opment were compared. We intercrossed src/ analyzed levels of Reelin and ApoER2 in embryonic cor-
fyn/ yes/ mice and harvested cerebral hemi- tex extracts. Reelin levels were the same in src fyn yes
spheres at E16.5. The Dab1 protein level varied de- compound mutants as in wild-type embryos, while they
pending on the number of intact copies of each src decreased when the reln copy number was reduced as
family gene (Figure 3A). Strikingly, the quantity of Dab1 previously described (Figure S3) [34]. ApoER2 was also
protein was roughly inversely proportional to the quan- present at wild-type levels in src fyn yes compound
tity of Src, Fyn, and Yes proteins, as judged by Western mutants (Figure S3). Thus, these results indicate that
blotting with the polyclonal antibody SRC2 that recog- Fyn, and to a certain extent Src, influences Dab1 tyrosine
nizes all three Src family kinases (Figure 3A). There was phosphorylation similarly to Reelin, but without altering
no apparent compensation for the absence of one tyro- expression of Reelin or its receptor ApoER2.
sine kinase by upregulation of another (Figure 3A). After
quantification, there was an inverse correlation of the
Dab1 protein level with the copy number of fyn (r2  Discussion
0.76), a weak correlation with the copy number of src
(r2  0.18), and no correlation with the copy number of Although it has been shown that Dab1 tyrosine phos-
phorylation is crucial for normal brain development andyes (r2  0.00) (Figure 3B). Fyn-deficient cortices con-
tained between 2-fold (for src/ fyn/ yes/, Fig- depends on Reelin, VLDLR, and ApoER2, the tyrosine
kinases involved were unknown. Here, we have testedure 3A, lane 10) and 4-fold (for src/ fyn/ yes/,
Figure 3A, lanes 5, 24, and 29) more Dab1 protein than whether Src or Abl family kinases are involved in Reelin-
dependent tyrosine phosphorylation of Dab1. Inhibitorwild-type cortices. When fyn was heterozygous, the
Dab1 protein level was inversely proportional to the copy studies in cultured neurons suggest that Src family, but
not Abl family, kinases may be involved (Figures 1A andnumber of src (Figure 3C, gray symbols, r2  0.78),
suggesting functional compensation between these two 1B). Indeed, Src family kinases are activated in response
to Reelin, and this activation is partially dependent onrelated kinases. On the other hand, two copies of fyn
ensured Dab1 levels close to those present in wild-type Dab1 (Figures 1A and 1C). Moreover, using mutant
Fyn Regulates Dab1 during Brain Development
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Figure 3. Effect of the src, fyn, yes, reln, and
dab1 Gene Copy Number on the Dab1 Protein
Level In Vivo
(A) Dab1 protein levels in cerebral hemi-
spheres of E16.5 embryos compound mutant
for src, fyn, and/or yes. Lysates were pre-
pared from cerebra of E16.5 embryos derived
from src/ fyn/ yes/ parents, and
samples containing 15 g protein were sub-
jected to SDS-PAGE and Western blot analy-
sis with anti-Dab1 serum (top panels). Mem-
branes were then stripped, reprobed with
SRC2 antibody (middle panels) and anti-III
tubulin antibody TUJ1 (bottom panels). The
SRC2 antibody recognizes Src, Fyn, and Yes.
The genotype of each embryo is indicated
above each lane. Lanes 6, 13, 25, and 30 cor-
respond to the same wild-type embryo; lanes
1, 2, 35, and 36 correspond to four other wild-
type embryos; lanes 3–5 and 7–10 were from
one litter, as were lanes 11, 12, and 14–18;
19–23; and 24, 26–29, and 31–34.
(B) Box-and-whisker plots of Dab1 levels in
E16.5 cerebral cortex plotted against src
(left), fyn (middle), or yes (right) gene copy
number. These plots were generated after
densitometry quantification of the anti-Dab1
Western blots shown in (A). Dab1 levels were
normalized to the average Dab1 level in wild-
type embryos set at 1.00 (n  5, standard
deviation of 4%). The boxes represent values
between lower and upper quartiles, the hori-
zontal lines mark median values, and the
whiskers extend to the entire range of ob-
served values. A correlation coefficient (Pear-
son’s r2 ) is given in the upper-right corner.
(C) A scatter plot of Dab1 levels (ordinate) in
E16.5 cerebral cortex plotted against the
copy number of src (abscissa) and fyn (gray
scale) genes.
(D) A scatter plot of Dab1 levels in E16.5 cere-
bral cortex plotted against the reln copy
number. Cortical lysates were prepared from
littermate embryos derived from reln hetero-
zygous parents and were analyzed as in (B).
(E) A scatter plot of Dab1 levels in E16.5 cere-
bral cortex plotted against the dab1 copy
number. Cortical lysates were prepared from
littermate embryos derived from dab1 hetero-
zygous parents and were analyzed as in (B).
mouse embryos, we show that fyn is important for main- inhibitors of Src family kinases, but we found that they
also inhibit Abl (Figure S1) [30]. However, Abl and itstaining normal levels and normal stoichiometry of tyro-
sine phosphorylation of Dab1 in cultured neurons and relative Arg are unlikely to be involved in Dab1 tyrosine
phosphorylation because they are also potently inhib-in vivo, with src, but not yes, playing a secondary role
when fyn is reduced (Figure S2, lanes 2–4). The require- ited by the STI571 inhibitor (Figure S1) [28, 36, 37], which
does not inhibit Reelin-stimulated Dab1 tyrosine phos-ment for fyn is likely to be direct, since lack of fyn does
not affect levels of Reelin or ApoER2 (Figure S3), and phorylation in cultured neurons (Figure 1A). The PDGF
and EGF receptors are also inhibited by PP1 and PP2acute treatment with Fyn inhibitors blocks the response
of cultured wild-type neurons. Similar and complemen- [38, 39] but are unlikely to mediate Reelin-induced Dab1
tyrosine phosphorylation because the PDGF receptor istary results have been found by Bock et al. [35].
Experiments with pharmacological inhibitors can be inhibited by STI571 [40] and the EGF receptor is inhibited
by AG82, AG213, and AG555 [41], which did not inhibitdifficult to interpret because of lack of specificity. We
assessed the specificity of inhibitors used here by using Dab1 tyrosine phosphorylation when tested at 20 M
(unpublished data).overexpressed tyrosine kinases in an artificial system
(Figure S1). PP1 and PP2 are commonly used as specific Interpretation of genetic experiments can be compli-
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Figure 4. Fyn Regulates Dab1 Tyrosine Phos-
phorylation In Vivo
Equal quantities of Dab1 (equal to the amount
in 150 g wild-type cerebral extract) were im-
munoprecipitated from cerebral extracts of
littermate E16.5 embryos derived from par-
ents either heterozygous for reln (lanes 1–3),
wild-type (lanes 4 and 5), or heterozygous for
src, fyn, and yes (lanes 6–14) by using affinity-
purified anti-Dab1 antibodies. The immuno-
precipitates were subjected to SDS-PAGE
and Western blot analysis with anti-phospho-
tyrosine (pTyr) antibody (top panel), then the
membrane was stripped and reprobed with anti-Dab1 serum (bottom panel). The stoichiometry of Dab1 tyrosine phosphorylation was calculated
based on densitometry quantification of Western blots and was normalized to 1.00 in the wild-type embryo shown in lane 1. The genotype
of each embryo is indicated above each lane. Lanes 1–3 were from littermate embryos, as were lanes 6–14.
cated by compensation and variable penetrance. Vari- found that Fyn is activated more when Dab1 is present
than when it is absent (Figure 1C). This suggests a modelable penetrance of src, fyn, and yes phenotypes has
been observed before [23] and may explain scatter in the in which Dab1 induces Fyn activation and is phosphory-
lated in return (Figure 5A). Fyn may be activated allosteri-data when Dab1 protein levels are assayed in compound
mutant embryos (Figure 3). However, Western blot anal- cally by Dab1 if, for example, Dab1 interacts with the
Fyn SH3 domain [42]. Alternatively, or in addition, afterysis of brain extracts revealed no major effects of dele-
tion of src, fyn, or yes on the expression levels of the the initial phosphorylation, Dab1 may interact with the
Fyn SH2 domain and maintain Fyn in an active stateother family members (Figure 3). On the other hand,
Stein et al. have observed that the solubility of Src in [43]. Fyn autophosphorylation would then stabilize a
conformation with high affinity for SH2 and SH3 ligandsmild detergent increased in the brains of Fyn-deficient
animals [23]. This suggests that Src localization in deter- [32, 33, 44], allowing phosphorylation of multiple sites
in Dab1.gent-insoluble membranes or in the cytoskeleton may
be altered when Fyn is absent. Compensation may ex- Although other mechanisms are possible, one model
is that Reelin regulates the proximity of Fyn to Dab1plain why Dab1 regulation is only affected by the src
gene copy number when the fyn gene copy number is (Figure 5A). A similar model has been invoked for the
stimulation of tyrosine phosphorylation of the T cell re-reduced.
In our analysis, the fyn (and secondarily src) genotype ceptor CD3 chain protein when CD4 is crosslinked to-
gether with CD3 [45]: the Src family kinase Lck is stablyaffects the level of Dab1 protein as well as its tyrosine
phosphorylation stoichiometry (Figures 2–4). An in- associated with CD4, and clustering of CD4 with CD3
increases tyrosine phosphorylation of the  chain con-crease of Dab1 levels could be due either to an increase
in Dab1 content per neuron or an increase in Dab1- comitant with activation of Lck. In the case of Reelin-
induced tyrosine phosphorylation of Dab1, another Ree-expressing neurons. However, immunofluorescence in-
dicates that the vast majority of cultured cortical neu- lin receptor may play a similar role to CD4 and bring
Fyn to Dab1. CNRs are expressed on migrating neuronsrons express Dab1 (data not shown) [9, 10], and there
is no significant increase in cortical neuron number in and bind to Reelin and to Fyn [7, 46]. Thus, Reelin could
induce the clustering of CNRs with VLDLR or ApoER2,cultures prepared from fyn/ embryos. Thus, the in-
crease in Dab1 levels in fyn mutant embryos is likely bringing Fyn (associated with CNRs) in proximity to Dab1
(associated with VLDLR and ApoER2) (Figure 5A).due to an increase in Dab1 content per neuron, as re-
ported for reln and vldlr/apoER2 embryos [4, 34]. This Our results raise the enigma that fyn/ mice do not
have a reeler phenotype. Homozygous fyn mutants havesuggests that Fyn is required to transmit signals for
downregulation of Dab1 that are conveyed by VLDLR several defects, including abnormal hippocampal archi-
tecture, reduced long-term potentiation, impaired spa-and ApoER2 from Reelin. However, Dab1 levels are not
regulated solely by its tyrosine phosphorylation, since tial learning, increased sensitivity to ethanol, behavioral
problems, and decreased central nervous system my-the levels of a nonphosphorylatable mutant of Dab1 are
similar to wild-type [13] and are further increased by elination [47–50]; however, a reeler phenotype has never
been reported. One hypothesis is that the weakening ofreducing the reln copy number (R. Hoch and J.A.C.,
unpublished data). It remains possible that Fyn phos- the Reelin signal caused by deletion of fyn alone is not
sufficient to cause a phenotype. However, preliminaryphorylates another protein that directly or indirectly reg-
ulates Dab1 protein levels, or that Fyn regulates Dab1 analysis of src/ fyn/ yes/mice, in which Dab1
levels and tyrosine phosphorylation are altered to theprotein levels independently of its kinase activity.
How might Reelin regulate Fyn-catalyzed phosphory- same extent as in reln/ mice (Figures 3 and 4), has
revealed no evidence for reeler defects in the cortex,lation of Dab1? We found that Fyn (and Src and possibly
Yes) are activated in Reelin-treated neuron cultures (Fig- hippocampus, or cerebellum (T. Herrick, L.A., and J.A.C.,
unpublished data). Another possible explanation for theures 1A and 1C). This activation occurs without a pro-
nounced increase in tyrosine phosphorylation of other absence of a reeler phenotype is variable penetrance:
the most severely affected src fyn yes compound mutantproteins in the neurons (Figure 1A), suggesting that Fyn
is fully activated only when close to Dab1. Indeed, we animals may have other defects that cause perinatal
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Figure 5. Models for Fyn and Reelin Regula-
tion of Dab1
(A) A molecular model for Reelin-induced,
Fyn-dependent tyrosine phosphorylation of
Dab1. See text for details.
(B) Postulated changes in Dab1 phosphoryla-
tion and the level of phosphorylation during
the migration process. Cortical plate neurons
move along radial glia cells from their origin
in the ventricular zone to the marginal zone
(from left to right in the figure), where they
encounter Reelin (hatch marks), cease migra-
tion, and differentiate. Histograms represent-
ing likely Dab1 protein levels (upper) and tyro-
sine phosphorylation stoichiometry (lower)
are shown for migrating neurons before, dur-
ing, and after their first encounter with Reelin.
Neurons of all genotypes have high levels of
Dab1 prior to Reelin exposure, although the
level in fyn/ may be slightly higher be-
cause there is less basal Src family kinase activity. An unknown time after Reelin exposure, Dab1 levels are downregulated by Src family
kinases in wild-type brain. Downregulation is inefficient in fyn/, and absent in reln/, brains. These levels are the levels that predominate
in E16.5 brain samples (Figure 3), since neurons that have completed migration outnumber neurons undergoing migration. Basal tyrosine
phosphorylation of Dab1 is less in fyn/ neurons than in wild-type or reln/ neurons during migration but increases in fyn/ and wild-
type after reaching Reelin (asterisks). We propose that adaptation during the migration phase allows fyn/ neurons to respond phenotypically
even though the concentration of tyrosine-phosphorylated Dab1 in the fyn/ cell is lower than for wild-type (see text). The level of Dab1
tyrosine phosphorylation in differentiating neurons is unknown (question marks).
lethality [23], and only animals in which compensation ally, we show in vivo that genetic disruption of fyn, and
is effective survive. A third explanation that we favor is to a lesser extent its relative src, affects Dab1 tyrosine
that neurons may respond to an increase in Dab1 tyro- phosphorylation and the protein level similarly to genetic
sine phosphorylation rather than to its absolute level. disruption of reln or its receptors vldlr and apoER2. This
In the model shown in Figure 5B, wild-type, reln/, suggests that Src is partially redundant with Fyn for
and fyn/ neurons have distinct levels of Dab1 and Dab1 tyrosine phosphorylation and protein level down-
phosphorylated Dab1 at different stages during their regulation, downstream of VLDLR and ApoER2. Since
migration. Based on our culture experiments, basal as VLDLR and ApoER2 are both members of the lipoprotein
well as Reelin-stimulated Dab1 tyrosine phosphoryla- receptor family, this is the first identification of the
tion depends on fyn (Figure 2). Therefore, before en- involvement of Src family kinases downstream of lipo-
countering Reelin, fyn/neurons would have less tyro- protein receptors. The identification of Fyn as a primary
sine-phosphorylated Dab1 than wild-type or reln/ regulator of Dab1 is surprising because brains of fyn/
neurons, even though the level of Dab1 is similar in all mice develop without manifesting a reeler phenotype.
cases. Upon reaching Reelin, Dab1 tyrosine phosphory- We suggest that the Reelin pathway, like other signaling
lation stoichiometry increases by a similar factor in pathways, is subject to feedback control that increases
fyn/ and wild-type neurons, although the absolute the sensitivity of Fyn-deficient neurons to low levels of
stoichiometry is lower in fyn/ neurons. Signal trans- Dab1 tyrosine phosphorylation.
duction systems commonly have negative feedback
loops that set the sensitivity of the response mechanism
Supplementary Materialin accordance with prevailing signals, a phenomenon
Supplementary Material including detailed Experimental Proce-known as adaptation [51]. Therefore, we propose that
dures and additional results, including validation of inhibitor speci-
there may be compensation downstream in the Reelin ficity and measurement of Reelin and ApoER2 receptor levels
pathway that acts while fyn/ neurons are migrating to in mutant embryonic brain samples, is available at http://images.
sensitize them to the subsequent Reelin signal. Although cellpress.com/supmat/supmatin.htm.
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